Three lines of evidence for abrupt tropical climate change, both past and present, are presented. First, annually and decadally averaged ␦ 18 O and net mass-balance histories for the last 400 and 2,000 yr, respectively, demonstrate that the current warming at high elevations in the mid-to low latitudes is unprecedented for at least the last 2 millennia. Second, the continuing retreat of most mid-to low-latitude glaciers, many having persisted for thousands of years, signals a recent and abrupt change in the Earth's climate system. Finally, rooted, soft-bodied wetland plants, now exposed along the margins as the Quelccaya ice cap (Peru) retreats, have been radiocarbon dated and, when coupled with other widespread proxy evidence, provide strong evidence for an abrupt mid-Holocene climate event that marked the transition from early Holocene (pre-5,000-yr-B.P.) conditions to cooler, late Holocene (post-5,000-yr-B.P.) conditions. This abrupt event, Ϸ5,200 yr ago, was widespread and spatially coherent through much of the tropics and was coincident with structural changes in several civilizations. These three lines of evidence argue that the present warming and associated glacier retreat are unprecedented in some areas for at least 5,200 yr. The ongoing global-scale, rapid retreat of mountain glaciers is not only contributing to global sea-level rise but also threatening freshwater supplies in many of the world's most populous regions.
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icecore ͉ isotopes ͉ paleoclimate ͉ precipitation ͉ Holocene T oday most glaciers outside the polar regions are retreating at accelerating rates (1, 2) . This retreat is particularly evident in the high Andes of Peru, which contain 70% of the Earth's tropical glaciers. The first long tropical ice cores were retrieved in 1983 from the Quelccaya ice cap (Fig. 1) , the Earth's largest tropical ice cap, which is 5,670 m above sea level in the southeastern Andes of Peru (3) . Because of its dome shape, Quelccaya is very sensitive to the current increase in the elevation of the 0°C isotherm (4) , and it loses more mass per unit rise in the equilibrium line than steeper alpine glaciers (5) . This sensitivity makes Quelccaya an obvious choice for monitoring changes in both ice mass and ice-cover extent.
The retreat of Quelccaya's largest outlet glacier, Qori Kalis, has been evaluated by terrestrial photogrammetry since 1978 (6). These observations, along with a map produced from aerial photographs taken in 1963, allow changes in ice area and volume over the last 42 yr to be assessed. A sequence of maps documents the rapid and accelerating retreat of the glacier front ( Fig. 2A) . In the last 14 yr (1991-2005), Qori Kalis has been retreating Ϸ10 times faster (Ϸ60 m⅐yr Ϫ1 ) than during the initial measurement period of 15 yr from 1963 to 1978 (Ϸ6 m⅐yr Ϫ1 ). A small proglacial lake that first appeared in 1991 and covered Ϸ6 hectares has grown contemporaneously with the retreat of the ice front and now covers Ϸ34 hectares (Fig. 2C) . On the basis of sonar observations in 2004, the lake is up to Ϸ60 m deep. The accelerating rate of retreat of the Qori Kalis terminus is consistent with that observed for six other glaciers in the Cordillera Blanca (Fig. 2B ) that have been monitored by the power company ElectroPeru (7) . This recent and rapid loss of ice on Quelccaya is characteristic of most low-and mid-latitude ice fields and is best typified by Kilimanjaro's three remaining ice fields, which have persisted for at least 11,000 yr and have lost 82% of their areal extent since 1912 (8) . Aerial photographs taken in January 2006 confirm the continued reduction of ice cover.
The chemical and physical properties preserved within glaciers and ice caps also record climatic and environmental changes that provide a longer-term context for 20th-century changes. When the first two Quelccaya cores were drilled in 1983, it was impossible to return frozen samples from the field; thus, the cores were cut into Ϸ6,000 samples that were melted, bottled, and returned to the (Fig. 4) . This agreement is significant for two reasons. First, it finally confirms the time scale for the 1983 Quelccaya core. Second, it demonstrates that the ␦ 18 O record has been excellently preserved within the ice cap even though its surface has been subjected to warming conditions for the intervening 20 yr. Thus, the Quelccaya ␦ 18 O record, if correctly interpreted, provides an Ϸ1,500-yr context for the recent period of accelerating glacier retreat.
The ␦ 18 O-air temperature (T a ) relationship is fairly well established for Antarctica and Greenland (9) but remains more controversial for high mountain regions in mid-to low latitudes. Empirical investigations are limited. It was found in a study of the ␦ 18 O-T a relationship for discrete precipitation events at three sites on the Tibetan Plateau (TP) that although dynamical processes dominate ␦ 18 O on short time scales, air temperature is the primary control on longer-term (more than annual) ␦ 18 O variations at individual sites (10) . In the Andes, the controls on ␦ 18 O in recent snowfall have been investigated by using observations (11) and models (12, 13 Fig. 5 , strongly suggests that on longer time scales, ␦ 18 O variations in low-latitude mountain precipitation reflect variations in air temperature more strongly than variations in precipitation (6, 10, 11, 16, 17) .
Over the past two decades, the Byrd Polar Research Center ice-core group has recovered cores from ice fields across Tibet and in the Andes (see Fig. 1 for locations). Various aspects of these records have been published, but they have not been integrated and interpreted collectively. Here the 5-yr averages of (21), and Quelccaya (3), contain distinct annual layers for the last 400 yr. Fig. 5B shows the 5-yr average A n in meters of water equivalent for the last 400 yr for five of these seven cores. Because the rapidly thinning layers on Sajama (22) and Huascarán (23) required use of a flow model, constrained by time-stratigraphic horizons, to construct their time scales, A n records could not be constructed. Thus, Quelccaya provides the only reliable ice-core-derived A n history for the past 400 yr in the Andes. A recently reconstructed 400-yr high-resolution pollen history from Sajama (24) indicates wetter conditions from A.D. 1500 to 1700 and drier conditions from A.D. 1700 to 1880, generally consistent with the A n record from Quelccaya to the north (Fig. 5B) .
Meteorological data show that annual precipitation decreases from east to west and from south to north across the TP, whereas in the South American Andes precipitation decreases from north to south (25) . The ice fields located in more arid regions of the TP (Dunde, Guliya, Puruogangri), have rather similar A n histories ( Fig. 5B) with higher values in the 17th and 18th centuries, consistently lower values in the 19th century, and a general increase over the 20th century. In contrast, the A n history on Dasuopu in the Himalayas shows a different pattern, with consistently high A n over most of the 19th century. Although the 400-yr A n history for the Himalayas (e.g., Dasuopu) is markedly different from that over the TP to the north, their ␦ 18 O histories, or proxy temperature records (26) , are remarkably similar at lower frequencies. Moreover, the ␦ 18 O trend over the TP is similar to that in the tropical Andes (Fig. 5) , although the TP warming starts somewhat earlier. During the 17th century conditions were warmer over Guliya and Puruogangri than over Dunde and Dasuopu, but all of the time series indicate persistent and gradual warming ( 18 O enrichment) from the 18th through the early 20th century, with an accelerating warming over the second half of the 20th century. Note that this recent isotopic enrichment is consistent among the TP sites and independent of A n (Fig. 5) . The latter is confirmed by a lack of any statistically significant correlation between the 5-yr averages of ␦ 18 O and A n for the five sites with A n records (R values: Guliya, ϩ0.0001; Puruogangri, ϩ0.005; Dunde, Ϫ0.019; Dasuopu, ϩ0.129; Quelccaya, Ϫ0.069).
In the tropical Andes 18 O enrichment begins earlier, around A.D. 1750, at the Huascarán site, which is closer to the equator, whereas 18 O enrichment begins around A.D. 1830 on Quelccaya further to the south. Interestingly, the ␦ 18 O history from Sajama, the southernmost core site, located in a very dry region, shows little trend over the 400-yr period. Despite the local and regional variability captured by these 400-yr ␦ 18 O records, with the exception of Sajama, they all record a consistent 20th-century 18 O enrichment, the dominant climate signal over both the Andes and the TP (Fig. 5 C and D, respectively) . The tropical ␦ 18 O composite (Fig. 5E ), created by combining the TP and Andean ␦ 18 O records, clearly records the isotopic depletion (cooling) during the latter part of the so-called Little Ice Age (LIA) from A.D. Ϸ1600 to 1870, with the greatest depletion from A.D. 1810 to 1820, reflecting a strong cooling that followed the large volcanic eruptions of ''unknown'' in 1809 (27) and Tambora in 1815. 
The Last Two Millennia
To capture larger temporal scale changes, regional composites for the TP (Fig. 6B ) and the Andes (Fig. 6C) were constructed by using the decadal averages of ␦ 18 O over the last 2,000 yr. Because 70 -80% of the snowfall over both the TP and the Andes arrives during their respective summers (Northern Hemisphere summer for the TP and Northern Hemisphere winter for the Andes), combining the seven ␦ 18 O records provides an annually representative proxy (␦ 18 O) temperature history for high-elevation ice fields in the mid-to low latitudes, as shown in Fig. 6 A. This tropical composite is based on seven cores for the last 1,000 yr, six cores for the last 1,550 yr, and four cores for the last 2,000 yr. The Andean composite, and thus the Tropical composite, shows modest 18 O enrichment (Fig. 6A ) confirms that it is unusual from a 2,000-yr perspective. Regardless of whether ␦ 18 O is interpreted as a function of temperature, precipitation, and͞or atmospheric circulation, the important message clearly preserved in these high-elevation ice fields is that the large-scale dynamics of the tropical climate system have changed. An important feature of the tropical climate regime is that horizontal temperature variations are small above a relatively shallow atmospheric layer near the Earth's surface. This condition results from the lack of a strong Coriolis effect to balance pressure differences resulting from temperature variations, and thus the tropical atmospheric mass is redistributed so as to nearly eliminate horizontal temperature gradients (28, 29) . Of the meteorological variables controlling glacier mass balance (temperature, precipitation, cloudiness, humidity, etc.), only temperature exhibits large-scale spatial homogeneity, suggesting that it is the primary variable driving the retreat of most tropical ice fields. Further support comes from the general uniformity of the tropical ␦ 18 O composites (Fig. 6 A-C) and the dominance of 20th-century 18 O enrichment (warming) that is concomitant with the rapid melting. The evidence presented here indicates that rising air temperature (not reduced precipitation) is the primary driver of glacier retreat in the tropics and subtropics. This interpretation is supported by recent results (30) indicating that the observed tropical warming is consistent with the satellitederived temperatures for both the surface and the middle͞upper troposphere. Another study (31) has reported the amplification of surface-temperature trends and variability in the tropical atmosphere.
The Holocene
The third line of evidence for abrupt tropical climate change comes from a rooted, soft-bodied plant deposit discovered after it was exposed along the west-central margin of the rapidly retreating Quelccaya ice cap. The plant was identified as the wetland plant Distichia muscoides (Juncaceae), a dioecious mator cushion-forming plant (Fig. 7) that is well adapted to harsh diurnal freezing and thawing and often reaches the altitudinal vegetation limit, which is Ϸ5,100 m above sea level around the Quelccaya ice cap. The average of eight accelerator mass spectrometry 14 C dates from two different laboratories places the calendar age of this plant deposit at 5,138 (Ϯ45) yr B.P. (Table 1 ). The recently exposed plant deposit provides strong evidence that temperatures were warmer in this region before 5.1 thousand years (ka) B.P. and that the current retreat of Quelccaya is unprecedented for the last 5 millennia. The ␦ 18 O history (Fig. 8A ) from the ice core drilled to bedrock on Huascarán (6,048 m above sea level) in northern Peru supports this scenario. Like Quelccaya, the Huascarán ␦ 18 O record shows the 20th-century warming, the LIA, and the Medieval Warm Period (Fig. 8A) . However, the Huascarán record is much longer, extending back into the last glacial stage and indicating that conditions were warmer ( 18 O-enriched) from Ϸ11 to 6 ka (the early Holocene) than in the late Holocene (23) . In fact, the Huascarán ␦ 18 O record suggests that temperatures in the tropical Pacific were Ϸ1.5 to 2.0°C warmer between Ϸ11 and 8 ka (14, 23), contemporaneous with the warmest period of the Holocene in this region. Elevated dust concentrations during the early Holocene (data not shown; see ref. 23 ) suggest that conditions were also somewhat drier. The impact of this change on the tropical hydrologic cycle is also reflected in the isotopic record of calcite from Lake Junin, Peru (32), which closely resembles the Huascarán Holocene ␦ 18 O curve. The Huascarán record (Fig. 8A) illustrates the full range of climate variability between the last glacial stage and the early Holocene, when D. muscoides was growing along the recently deglaciated margin of Quelccaya.
The burial of such soft-bodied plants by the ice Ϸ5.1 ka is consistent with the onset of an abrupt cool, wet period that led to the expansion of the Quelccaya ice cap. Thereafter, the ␦ 18 O record from Huascarán indicates a sustained cooling ( 18 O depletion) that culminated with the LIA (the coldest interval in the Huascarán Holocene record). Reduced dust concentrations (data not shown; see ref. 22 ) also suggest more humid conditions during this cooler period, the late Holocene, that was abruptly terminated by 20th-century warming (Fig. 8A) .
A survey of other paleoclimate records from both low and high latitudes, including ice cores from the tropics, supports the view that the early to mid-Holocene was warmer than the latter half of the Holocene. The ␦ 18 O and aerosol (data not shown; see ref. (Fig. 8B) indicate an early Holocene warm period with a variable and much wetter climate than that during the cooler and drier late Table 1 for dates on this and other plants). Holocene (8) . The general shape of the ␦ 18 O profile from both Huascarán and Kilimanjaro is consistent with the Holocene tropical insolation curve between latitude 0°and 30°N (Fig. 8C) , suggesting that the warmer temperatures of the early Holocene were largely insolation-driven in response to the Earth's precession. In the case of Huascarán, Ϸ80% of the snowfall comes in the wet season by means of the tropical easterlies that bring moisture originating over the tropical North Atlantic.
8) records from Kilimanjaro in equatorial Africa
The latter half of the Holocene experienced widespread cooling, although some regions were cool and dry, whereas others were cool and wet. In the areas receiving abundant precipitation, mountain glaciers expanded (34, 35) . Mounting evidence from diverse archives suggests the occurrence of an abrupt ''cold snap'' just before the onset of the prolonged cooler late Holocene that lasted nearly 5 ka. The Kilimanjaro ice core ␦ 18 O record (Fig. 8B) shows that cooler conditions dominated in East Africa from Ϸ6.2 to 5.2 ka, when conditions cooled abruptly, concomitant with the onset of much drier conditions (8) . The transition from wet to dry conditions Ϸ5.2 ka is recorded by changes in the water balance in many African lakes (36) . Concurrently, global atmospheric CH 4 concentrations recorded in both Greenland (37) and Antarctica (38) were at their lowest Holocene levels (Fig. 8D) . With the abrupt onset of cool, wet conditions, the advancing glaciers in the Alps covered and preserved the ''man from the Hauslabjoch,'' known as the Tyrolean Iceman (or Ö tzi). Ö tzi was exposed in 1991 by the retreating glaciers, and his remains were radiocarbon-dated between 5.05 and 5.35 ka (39) . The excellent preservation of his remains strongly suggests that he was buried quickly by snow and captured within the advancing glacier (39, 40) .
Abundant evidence for this abrupt cool event exists in archeological and geological records from the Middle East and Asia Minor, where conditions at that time were relatively dry. Locations of these observations are shown in Fig. 1 . Around this time hierarchical societies formed in the overpopulated Nile Valley and Mesopotamia, whereas Neolithic settlements in the inner desert of Arabia were abandoned (41) . This rapid century-scale cooling-and-drying event is correlative with an abrupt climate change at Ϸ5.0 ka recorded by increased deposition of terrigenous material in marine sediments of the Gulf of Oman (42) . Concurrently, the Soreq Cave speleothem ␦ 18 O record shows an abrupt spike (Fig. 8E) , the largest 18 O enrichment (cooling) in the 14-ka-long record, at Ϸ5.0 ka (43) . Dendrochronological records from Irish and Lancashire oaks extending back to 5000 B.C. exhibit some of their most narrow rings during the decadelong 3195 B.C. event (44) .
An accelerator mass spectrometry 14 C-dated ocean core recovered along the northwest coast of Africa (Cap Blanc, Mauritania, Ϸ20°45ЈN; 18°35ЈW) contains an abrupt increase in the deposition of terrigenous material at Ϸ5.5 ka. This is interpreted (45, 46) as marking the termination of the extensive African Humid Period that seems to have begun and ended abruptly, within decades to a century. If these climate changes were abrupt responses to gradual changes in incoming solar radiation, then it would require forcing by nonlinear processes, possibly through vegetation and͞or ocean temperature feedbacks (45) . These observations strongly suggest that the mid-Holocene transition from early to late Holocene conditions was abrupt and widespread, particularly in mid-to low latitudes, and it affected human activities over a wide geographical area.
In Florida, as conditions became more humid, rapidly rising water levels preserved a vast array of human remains, vertebrate and invertebrate fossils, and artifacts in the Little Salt Spring Ϸ5.2 ka (47). In 1958 a solid and unweathered rooted tree, 14 C-dated at Ϸ5 ka (M. Meier, personal communication) was exposed by the rapidly retreating South Cascade Glacier in Washington State. The spatial distribution (Fig. 1) of well-dated, multiproxy indicators of an abrupt climate change Ϸ5 ka documents the wide spatial extent of this event.
In South America, Ϸ5 ka represents the transition between the Late Archaic, characterized by the presence of many human cultural sites in the Andes, and the Mid Archaic, known for the lack of occupation in the high Andes (48) . There is evidence for a significant decline, and in some cases even a hiatus, in human occupation in the early Holocene because of aridity stress between 21°and 25°S. This period, known as the ''Silencio Arqueológico'' (48) , is characterized by low lake levels in the south-central Andes and the Titicaca Basin. The Sajama (Bolivia) ice-core history shows reduced accumulation (snowfall) and increased deposition of dust and chloride at this time (22) . With the onset of the abrupt cooling at Ϸ5 ka, lower-elevation Andean ice fields such as Quelccaya would have expanded rapidly, capturing and preserving nearby vegetation. Similarly, glaciers advanced in the European Alps. Only in the last few decades have these glaciers retreated beyond their midHolocene extent, and in so doing, they are now exposing organic material that was captured rapidly and continuously protected for many millennia.
Implications
The recent, rapid, and accelerating retreat of glaciers on a near-global scale suggests that the current increase in the Earth's globally averaged temperature ( Fig. 6D; refs. 49 and 50) may now have prematurely interrupted the natural progression of cooling in the late Holocene. These observations suggest that within a century human activities may have nudged global-scale climate conditions closer to those that prevailed before 5,000 yr ago, during the early Holocene. If this is the case, then Earth's currently retreating glaciers may signal that the climate system has exceeded a critical threshold and that most low-latitude, high-altitude glaciers are likely to disappear in the near future.
